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Description
Technical Field
[0001] The present invention relates to a bio-hybrid material, a production method therefor, and a stent.
Background Art

[0002] In recent years, as treatment for myocardial infarction or angina, coronary interventional procedure using a
stent has been mainly performed.

[0003] However, since SUS316L or CoCr alloy used for the stent contains nickel ions in general, when the stent is
used in the human body, nickelions are eluted from the materials, and this is pointed out as the cause of restenosis (NPL 1).
[0004] Therefore, in order to suppress restenosis accompanied by implantation of a bare-metal stent, a Drug Eluting
Stent (DES) containing a drug has been developed. However, the drug eluting stent has a problem that it exhibits a poor
endothelialization ability after being implanted.

[0005] As a material used for stents, nickel-free high-nitrogen stainless steel (hereinafter, called HNS) has been
developed. PTL 2 discloses that HNS can be prepared by electroslag remelting under N, gas pressure (P-ESR). However,
a stent formed of HNS also has a problem that it exhibits a poor endothelialization ability after being implanted.

[0006] If cytokine as a molecule that transmits signals to a cell is immobilized onto the surface of a metal, it may be
possible to develop a stent having an excellent endothelialization ability without causing the elution of nickel ions. The
cytokine includes, for example, Vascular Endothelial Growth Factor (VEGF). PTL 1 relates to effects of immobilized
VEGF, and discloses that if VEGF is immobilized onto an artificial blood vessel together with fibronectin, growth of
vascular endothelial cells is promoted, and movement speed of the cells increases. Moreover, NPL 3 relates to a cytokine-
fixing method, and discloses that cytokine can be immobilized by dopamine treatment performed on the metal surface
or a technique using a binding peptide searched by evolutionary molecular engineering.

[0007] However, when VEGF is chemically or physically bonded to the surface of a stent formed of HNS by the above-
mentioned methods, the binding force becomes too strong, and accordingly, endothelial cells are likely to grow exces-
sively.

Citation List
Patent Literature
[0008] [PTL 1] Japanese Unexamined Patent Application, First Publication No. H10-137334
Non-Patent Literature
[0009]
[NPL 1] Koster R, Vieluf D, KiehnM, et al., Lancet 2000;356:1895-7.
[NPL2] N. Maruyama, M. Sanbe, Y. Katada, K. Kanazawa, J. Japan Inst. Metals 2009;73:7-14.
[NPL 3] Nobukazu Gyo, Yasuko Abe, Takashi Kitajima, Makoto Sakuragi, Hiroshi Abe, and Yoshihiro Ito, proceedings

of the 39th medical polymer symposium, pp. 73-74 (2010).

US2008107702 discloses implants based on metals, including alloys which are free of nickel, having growth promoting
proteins attached through a spacer and a silane.

Summary of Invention
Technical Problem

[0010] The present invention aims to provide a bio-hybrid material that does not cause elution of nickel ions and has
an excellent endothelialization ability, a production method therefor, and a stent.

Solution to Problem

[0011] The present invention has the following configuration.
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(1) A bio-hybrid material including: an alloy part free of Ni and having a hydrophilic surface obtained by hydrophilic
surface treatment of the alloy part; a residue of an organic acid having two or more active esters; and a cytokine,
wherein the residue of the organic acid having two or more active esters is formed by a reaction of a carboxyl group
of the organic acid with a hydroxyl group of the hydrophilic surface of the alloy part free of Ni, and with the cytokine,
such that the cytokine is immobilized via an amide bond.

(2) The bio-hybrid material according to (1), wherein the cytokine is one selected from a group consisting of VEGF,
EGF, FGF, HGF, PDGF, and BMP.

(3) The bio-hybrid material according to (1) or (2), wherein the organic acid having two or more active esters is one
selected from a group consisting of citric acid, tartaric acid, malic acid, succinic acid, oxalacetic acid, cis-aconitic
acid, 2-ketoglutaric acid, maleic acid, fumaric acid, and any derivative thereof.

(4) The bio-hybrid material according to any one of (1) to (3), wherein the alloy part free of Ni is an alloy containing
two or more elements selected from a group consisting of Fe, Mo, Co, and Cr.

(5) The bio-hybrid material according to (4), wherein the alloy contains nitrogen in an amount ranging from 0.5 wt%
to 1 wt%.

(6) A production method of a bio-hybrid material including the steps of: surface-treating, in which hydrophilic surface
treatment is performed on an alloy part free of Ni to obtain an alloy part free of Ni and having a hydrophilic surface;
organic acid-immobilizing, in which an organic acid having two or more active esters is immobilized on the alloy part
free of Ni by forming an ester bond with the hydroxyl group of the hydrophilic surface of the alloy part free of Ni; and
cytokine-immobilizing, in which a cytokine is immobilized on the organic acid.

(7) The production method of a bio-hybrid material according to (6), wherein the hydrophilic surface treatment is UV
irradiation treatment.

(8) The production method of a bio-hybrid material according to (6) or (7), wherein the organic acid is immobilized
at a temperature equal to or lower than room temperature.

(9) The production method of a bio-hybrid material according to any one of (6) to (8), wherein the cytokine is
immobilized at a temperature equal to or lower than 10°C.

(10) A stent including the bio-hybrid material according to any one of (1) to (5). Advantageous Effects of Invention

[0012] A bio-hybrid material as a first embodiment of the present invention includes an alloy part free of Ni and having
a hydrophilic surface obtained by hydrophilic surface treatment of the alloy part; a residue of an organic acid having two
or more active esters, and a cytokine, wherein the residue of the organic acid having two or more active esters is formed
by a reaction of a carboxyl group of the organic acid with a hydroxyl group of the hydrophilic surface of the alloy part
free of Ni, and with the cytokine, such that the cytokine is immobilized via an amide bond. Since the bio-hybrid material
uses the alloy part free of Ni, elution of nickel ions can be prevented. Moreover, since the cytokine is immobilized in the
form of the alloy part free of Ni, the endothelialization ability can be improved. In addition, the alloy layer and the cytokine
layer can be more strongly bonded to each other by the organic acid having two or more active esters. For these reasons,
a stable bio-hybrid material can be obtained.

[0013] A production method of a bio-hybrid material as a second embodiment of the present invention includes a step
of surface-treating, in which hydrophilic surface treatment is performed on an alloy part free of to obtain an alloy part
free of Ni and having a hydrophilic surface, a step of organic acid-immobilizing, in which an organic acid having two or
more active esters is immobilized on the alloy part free of Ni by forming an ester bond with the hydroxyl group of the
hydrophilic surface of the alloy part free of Ni, and a step of cytokine-immobilizing, in which a cytokine is immobilized
on the organic acid. By the production method of a bio-hybrid material, a bio-hybrid material that does not cause elution
of nickel ions and has an excellent endothelialization ability can be easily produced.

[0014] A stent as a third embodiment of the present invention is formed of the bio-hybrid material described above.
The stent has a high degree of biocompatibility and workability, does not cause elution of nickel ions, and has an excellent
endothelialization ability.

Brief Description of Drawings
[0015]

FIG. 1A is a perspective view showing an example of the bio-hybrid material of the present invention.

FIG. 1B is a lateral view showing an example of the bio-hybrid material of the present invention.

FIG. 2 is an enlarged schematic view showing an example of the bio-hybrid material of the present invention.

FIG. 3A is a process drawing showing an example of the production method of a bio-hybrid material of the present
invention.

FIG. 3B is a process drawing showing an example of the production method of a bio-hybrid material of the present
invention.
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FIG. 3C is a process drawing showing an example of the production method of a bio-hybrid material of the present
invention.

FIG. 4Ais an enlarged schematic view showing an example of a state where an organic acid is bonded to a substrate.
FIG. 4B is an enlarged schematic view showing an example of a state where an organic acid is bonded to a substrate.
FIG. 5A is a schematic view showing an example of the stent of the present invention.

FIG. 5B is a schematic view showing an example of the stent of the present invention.

FIG. 6 is a picture showing the difference in a contact angle.

FIG. 7 is an XPS spectrum of Test example 1.

FIG. 8 is an XPS spectrum of Test example 2.

FIG. 9 is an XPS spectrum of Test example 3.

FIG. 10 is an XPS spectrum of Test example 4.

FIG. 11 is an XPS spectrum of Test example 5.

FIG. 12 is a graph showing measurement results.

Description of Embodiments
(Embodiments of the present invention)
[Bio-hybrid material]

[0016] First, the bio-hybrid material as an embodiment of the present invention will be described.

[0017] FIG. 1 is a schematic view showing an example of the bio-hybrid material as an embodiment of the present
invention. FIG. 1A is a perspective view, and FIG. 1B is a lateral view.

[0018] As schematically shown in FIGS. 1A and 1B, a bio-hybrid material 101 is configured with an alloy part 11 free
of Ni, an organic acid 12, and a cytokine 13.

[0019] The organic acid 12 is bonded to one surface 11a of the alloy part 11 free of Ni, and the cytokine 13 is bonded
to one surface 12a of the organic acid 12.

[0020] The cytokine 13 is a molecule that transmits signals to cells and preferably one of Vascular Endothelial Growth
Factor (VEGF), Epithelial Growth Factor (EGF), Fibroblast Growth Factor (FGF), Hepatocyte Growth Factor (HGF),
Platelet-Derived Growth Factor (PDGF), and Bond Morphogenetic Protein (BMP). If the cytokine 13 is used, it is possible
to obtain a bio-hybrid material having an excellent endothelialization ability.

[0021] The organic acid 12 has two or more active esters. Having two or more active esters, the organic acid 12 can
easily form an amide bond with the cytokine 13 by substituting the active esters. In addition, by using the carboxyl group
(-COOH), the organic acid 12 can easily form an ester bond with a hydroxyl group of one surface 11a of the alloy part
11 free of Ni.

[0022] The organic acid having two or more active esters is preferably one selected from a group consisting of citric
acid, tartaric acid, malic acid, succinic acid, oxalacetic acid, cis-aconitic acid, 2-ketoglutaric acid, maleic acid, fumaric
acid, and any derivative thereof. Examples of the derivative include tri-succinimidyl citrate (TSC). In the case of TSC,
an N-hydroxy succinimide (NHS) group is an active ester group.

[0023] Inthe present specification, the active ester refers to an ester that reacts with an amino group, a hydroxyl group,
a thiol group, and the like without addition of a catalyst or the like.

[0024] Examples of the active ester include a succinimidyl ester, a sulfosuccinimidyl ester, a p-nitrophenol ester, and
the like.

[0025] The two or more active esters contained in the organic acid 12 may be the same type of esters or different
types of esters.

[0026] The alloy part 11 free of Ni is preferably an alloy having two or more elements selected from a group consisting
of Fe, Mo, Co, and Cr. In this manner, a stable bio-hybrid material having a high strength can be obtained.

[0027] Itis preferable that the alloy contain nitrogen in an amount ranging from 0.5 wt% to 1 wt%. If the alloy containing
nitrogen in an amount ranging from 0.5 wt% to 1 wt% is used, workability can be improved, and a stent as a fine tube
can be easily formed. Accordingly, even a precise stent can be manufactured at a high accuracy. If the amount of nitrogen
is less than 0.5wt%, this is not preferable since biocompatibility deteriorates. If the amount of nitrogen exceeds 1 wt%,
this is not preferable since workability deteriorates.

[0028] Examples of materials of the alloy part 11 free of Ni that contains nitrogen in an amount ranging from 0.5 wt%
to 1 wt% include an alloy of 23Cr-1Mo-1N.

[0029] Itis more preferable that the alloy contains an element selected from a group consisting of Ti, B, and Nb. If the
alloy contains an element selected from a group consisting of Ti, B, and Nb, one of TiN, BN, and NbN formed inside the
alloy becomes a core of a crystal particle, so the crystal particle can be miniaturized. Accordingly, for example, when
this alloy is used for a stent and the like, even if a substrate is caused to have a small thickness, it is possible to enhance
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the strength of a stent or the like by miniaturizing the crystal particles by means of inhibiting the growth of seed crystals.
[0030] FIG. 2 is an enlarged schematic view showing an example of the bio-hybrid material of the present invention.
The drawing shows a case where VEGF is used as the cytokine 13, and TSC is used as the organic acid 12.
[0031] As shown in FIG. 2, a carboxyl group (-COOH) of TSC forms an ester bond with the alloy part 11 free of Ni.
Moreover, two active esters of TSC are reacted with amino groups of VEGF, whereby TSC and VEGF are immobilized
on HNS disks by an amide bond. By using TSC as a linker, the respective layers bind strongly to each other.

[Production method of bio-hybrid material]

[0032] Next,the production method of a bio-hybrid material as an embodiment of the presentinvention will be described.
[0033] The production method of a bio-hybrid material as an embodiment of the present invention includes a step (first
step) of surface-treating, in which hydrophilic surface treatment is performed on an alloy part free of Ni to obtain an alloy
part free of Ni and having a hydrophilic surface, a step (second step) of organic acid-immobilizing, in which an organic
acid having two or more active ester groups is immobilized on the alloy part free of Ni by forming an ester bond with the
hydroxyl group of the hydrophilic surface of the alloy part free of Ni, and a step (third step) of cytokine-immobilizing, in
which a cytokine is immobilized on the organic acid.

[0034] FIG. 3 is a process drawing showing an example of the production method of a bio-hybrid material as an
embodiment of the present invention.

(First step)

[0035] As shown in FIG. 3A, first, the alloy part 11 free of Ni is prepared. For example, an HNS disk (23Cr-1Mo-1N,
¢ 10 mm X H 1 mm) can be used. The size of the alloy part 11 free of Ni is not particularly limited.

[0036] Thereafter, one surface 11a of the alloy part 11 free of Ni is irradiated with UV. By the UV irradiation, one
surface 11a of the alloy part 11 free of Ni can be hydrophilized. When a general UV irradiation device (rated voltage: 8
W, lamp current: 9.5 mA, ultraviolet intensity: 0.085 mW/cm?2 (amount of ozone generated: 16 mg/h) is used, if UV
irradiation is performed for 30 minutes or longer, it is possible to amplify hydroxyl groups on the alloy surface by removing
the organic molecular layer adsorbed onto the surface, and to impart ultrahydrophilicity (contact angle of 10° or less) to
the surface of the alloy part 1. The UV irradiation time is more preferably 45 minutes or longer, and even more preferably
60 minutes or longer.

[0037] The hydrophilic surface treatment is preferably UV irradiation treatment. In this manner, it is possible to easily
and uniformly perform the hydrophilic surface treatment.

(Second step)

[0038] Subsequently, the alloy part 11 free of Ni that has undergone the hydrophilic surface treatment is set in a
substrate holder. As the substrate holder, for example, a silicone sheet can be used.

[0039] Next, a certain amount of a solution which contains the organic acid 12 at a predetermined concentration is
dripped onto the alloy for a predetermined period of time in a dry atmosphere at room temperature. The concentration
of the organic acid 12 and the predetermined period of time are not particularly limited. In this manner, the organic acid
12 is immobilized to one hydrophilized surface 11a of the alloy part 11 free of Ni.

[0040] FIG. 4 is an enlarged schematic view showing an example of a state where the organic acid is bonded to the
substrate. As the organic acid, TSC is used. FIG. 4A is a view showing a case where TSC binds to the alloy part 11 free
of Ni via one arm, and FIG. 4B is a view showing a case where TSC binds to the alloy part 11 free of Ni via two arms.
[0041] FIG. 4A shows a case where TSC binds to the alloy part 11 free of Ni via one arm, and none of the two active
esters are used for the binding of TSC to the alloy part 11 free of Ni. In this case, all of the two active esters can be used
for forming an amide bond with cytokine. Moreover, among hydroxyl groups formed on one surface of the alloy part 11
free of Ni, the hydroxyl group of the portion B has been used for the binding of the alloy to the organic acid 12, but the
hydroxyl groups of the portion A have not bound to the organic acid 12.

[0042] On the other hand, FIG. 4B shows a case where TSC binds to the alloy part 11 free of Ni via two arms, and
one of the two active esters is used for the binding of TSC to the alloy part 11 free of Ni. In this case, only one of the
active esters can be used to form an amide bond with cytokine. Moreover, among hydroxyl groups formed on one surface
of the alloy part 11 free of Ni, the hydroxyl group of the portion D has been used for the binding of the alloy to the organic
acid 12, but the hydroxyl group of the portion C has not bound to the organic acid 12.

[0043] Itis preferable thatthe organic acid 12 be immobilized at a temperature equal to or lower than room temperature
(25°C). If it is immobilized at a temperature equal to or lower than room temperature, the organic acid 12 can be
immobilized without being decomposed. When the organic acid 12 is immobilized under a condition of temperature
exceeding room temperature, the organic acid 12 is decomposed in some cases.
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[0044] Thereafter, an operation, in which the alloy part 11 free of Ni to which the organic acid 12 has been immobilized
is subjected to nitrogen blowing and washed with an organic solvent, is repeated. The number of times of nitrogen
blowing and washing and the type of the organic solvent are not particularly limited.

[0045] Subsequently, after being dipped in an organic solvent for a predetermined period of time at room temperature,
the resultant is subjected to nitrogen blowing again and then dried in vacuum for a predetermined period of time at room
temperature.

[0046] By the above-mentioned steps, the organic acid 12 can be immobilized to one surface 11a of the alloy part 11
free of Ni, as shown in FIG. 3B.

[0047] Inthese steps, anorganic solventappropriately selected from DMSO, hexafluoroisopropanol (hereinafter, called
HFIP), and the like, can be used. Moreover, as the organic solvent used for washing and dipping after nitrogen blowing,
a volatile solvent such as HFIP is preferable.

(Third step)

[0048] Next, the alloy part 11 free of Ni to which the organic acid 12 has been immobilized is set in a substrate holder.
[0049] Thereafter, a certain amount of a solution containing the cytokine 13 at a predetermined concentration is dripped
for a predetermined period of time to one surface 12a of the organic acid 12 on the alloy part 11 free of Ni to which the
organic acid 12 has been immobilized. As a solvent for the solution containing cytokine 13, for example, a Phosphate
Buffered Saline (PBS) solvent can be used. In this manner, the cytokine 13 is immobilized onto the organic acid 12 on
the alloy part 11 free of Ni to which the organic acid 12 has been immobilized, as shown in FIG. 3C.

[0050] The cytokine 13 is preferably immobilized at a temperature equal to or lower than 10°C, and more preferably
immobilized at a temperature equal to or lower than 4°C. If the cytokine 13 is immobilized at a temperature equal to or
lower than 10°C, it is possible to inhibit deactivation of the cytokine. When the cytokine 13 is immobilized under a condition
of temperature exceeding 10°C, the cytokine 13 inactivates in some cases.

[0051] Subsequently, an operation, in which the alloy part 11 free of Ni to which the cytokine 13 and the organic acid
12 have been immobilized is subjected to nitrogen blowing and washed with distilled water, is repeated. The number of
times of nitrogen blowing and washing is not particularly limited.

[0052] Thereafter, after being washed with distilled water for a predetermined period of time at room temperature, the
resultant is subjected to nitrogen blowing again and then dried in vacuum for a predetermined period of time at room
temperature.

[0053] By the above step, as shown in FIG. 3C, the cytokine 13 can be immobilized to one surface 12a of the organic
acid 12 immobilized to one surface 11a of the alloy part 11 free of Ni.

[Stent]

[0054] Next, the stent as an embodiment of the present invention will be described.

[0055] FIGS. 5A and 5B are schematic views showing an example of the stent as an embodiment of the present
invention.

[0056] As shown in FIG. 5A, a stent 201 is a network-like tube. As the material constituting the tube, the bio-hybrid
material 101 as an embodiment of the present invention is used. Therefore, it is possible to use the stent 201 that does
not cause elution of nickel ions and has an excellent endothelialization ability even being used in the human body so as
to widen a narrowed or blocked cardiac vessel (coronary artery) and then secure bloodstream.

[0057] The size of the tube is not particularly limited. For example, it is possible to use a seamless tube having a
diameter of 1.4 mm, a length of 1 cm to 2 cm, and a thickness of 100 wm to 150 um, and the like.

[0058] FIG. 5B is a view showing the portion G of FIG. 5A and is a partial cross-sectional view of the tube configuring
the stent 201. The tube constituting the stent 201 is configured with the bio-hybrid material 101 including the cylindrical
cytokine 13, the organic acid 12 that is formed to cover the cytokine 13, the alloy part 11 free of Ni that is formed to
cover the organic acid 12, the organic acid 12 that is formed to cover the alloy part 11, and the cytokine 13 that is formed
to cover the organic acid 12.

[0059] The bio-hybrid material 101 as an embodiment of the present invention includes the alloy part 11 free of Ni,
the residue of acid 12 having two or more active esters, and the cytokine 13. The alloy part 11 free of Ni forms an ester
bond with the organic acid 12, and the organic acid 12 and the cytokine 13 are immobilized via an amide bond. Since
the bio-hybrid material 101 uses the alloy part 11 free of Ni, elution of nickel ions does not occur. Moreover, since the
cytokine 13 is immobilized, the material has an excellent endothelialization ability. In addition, the alloy layer and the
cytokine layer can be strongly bonded to each other due to the organic acid 12 having two or more active esters.
Accordingly, a stable bio-hybrid material can be obtained.

[0060] The bio-hybrid material 101 as an embodiment of the present invention has a configuration in which the cytokine
13 is one selected from a group consisting of VEGF, EGF, FGF, HGF, PDGF, and BMP. Accordingly, the material can
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be prepared as a bio-hybrid material having an excellent ability to form a cell layer such as vascular endothelium.
[0061] The bio-hybrid material 101 as an embodiment of the present invention has a configuration in which the residue
of the acid 12 having two or more active esters is one selected from a group consisting of citric acid, tartaric acid, malic
acid, succinic acid, oxalacetic acid, cis-aconitic acid, 2-ketoglutaric acid, maleic acid, fumaric acid, and any derivative
thereof. Accordingly, the material can be prepared as a bio-hybrid material in which the cytokine 13 is strongly bonded
to the alloy part 11 free of Ni.

[0062] The bio-hybrid material as an embodiment of the present invention has a configuration in which the alloy part
free of Ni is an alloy that contains two or more elements selected from a group consisting of Fe, Mo, Co, and Cr.
Accordingly, the material can be prepared as a stable bio-hybrid material that does not cause elution of nickel ions.
[0063] The bio-hybrid material as an embodiment of the present invention has a configuration in which the alloy contains
nitrogen in an amount ranging from 0.5 wt% to 1 wt%. Accordingly, the material can be prepared as a stable bio-hybrid
material that has a high degree of biocompatibility and workability and does not case elution of nickel ions.

[0064] The production method of a bio-hybrid material as an embodiment of the present invention includes a step of
surface-treating, in which hydrophilic surface treatment is performed on an alloy part 11 free of Ni to obtain an alloy part
free of Ni and having a hydrophilic surface, a step of organic acid-immobilizing, in which an organic acid 12 having two
or more active ester groups is immobilized on the alloy part 11 free of Ni by forming an ester bond with the hydroxyl
group of the hydrophilic surface of the alloy part free of Ni, and a step of cytokine-immobilizing, in which a cytokine 13
is immobilized on the organic acid 12. Accordingly, by the production method of a bio-hybrid material, it is possible to
easily produce the bio-hybrid material 101 that does not cause elution of nickel ions and has an excellent endothelialization
ability.

[0065] The production method of a bio-hybrid material as an embodiment of the present invention has a configuration
in which the hydrophilic surface treatment is UV irradiation treatment. Accordingly, it is possible to easily perform the
hydrophilic surface treatment on the alloy part 11 free of Ni, and to easily produce the bio-hybrid material 101.

[0066] The production method of a bio-hybrid material as an embodiment of the present invention has a configuration
in which the step of organic acid-immobilizing the organic acid is performed under a condition of temperature equal to
or lower than room temperature. Accordingly, it is possible to easily produce the bio-hybrid material 101 without decom-
posing the organic acid 12.

[0067] The production method of a bio-hybrid material as an embodiment of the present invention has a configuration
in which the step of cytokine-immobilizing is performed under a condition of temperature equal to or lower than 10°C.
Accordingly, it is possible to easily produce the bio-hybrid material 101 without decomposing the cytokine 13.

[0068] The stent 201 as an embodiment of the present invention is configured so as to be formed of the bio-hybrid
material 101. Accordingly, the stent can be prepared as a stent that does not cause elution of nickel ions and has an
excellent endothelialization ability.

[0069] Specific examples of the present embodiment will be shown in the following examples, but the present invention
is not limited to these examples.

Examples
(Example 1)

[0070] A bio-hybrid material of Example 1 was prepared by the following UV irradiation (pretreatment), TSC-fixing
treatment, and VEGF-fixing treatment.

[UV irradiation (pretreatment)]

[0071] First, an HNS disk (23Cr-1Mo-1N, ¢ 10 mm X H 1 mm) was prepared.

[0072] Thereafter, UV irradiation was performed on the HNS disk.

[0073] By varying the time of UV irradiation, the contact angle of the surface of HNS disk was measured, and as a
result, the results shown in Table 1 were obtained. FIG. 6 is a picture showing the hydrophobic state of the surface of
HNS disk before UV irradiation (0 minute) and the hydrophilic state of the surface of HNS disk before UV irradiation (60
minutes). As shown in Table 1 and FIG. 6, the surface became ultrahydrophilic (a contact angle of 10° or less) after 30
minutes, and became further ultrahydrophilic (a contact angle of 5° or less) after 1 hour. From the result, it was considered
that the alloy surface was modified to become hydrophibic, and the number of the hydroxyl groups was increased.

[Table 1]
Time (min) | Contact angle (deg.)
0 87 = 1.32
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(continued)
Time (min) | Contact angle (deg.)
15 12.3 = 0.39
30 7.3 +1.46
45 48*0.14
60 4.4 +0.05

[TSC-fixing treatment]

[0074] By the following TSC-fixing protocol, TSC was immobilized onto the surface of the HNS disk having undergone
UV irradiation for 60 minutes.

(TSC-fixing protocol)
[0075]

1) After UV irradiation, the HNS disk is set to a silicone sheet.

2) A TSC/DMSO solution of a predetermined concentration is dripped thereto in an amount of 100 pl (in a dry
atmosphere for a predetermined period of time at room temperature).

3) After a predetermined period of time, the resultant is subjected to nitrogen blowing and washed once with DMSO.
4) The resultant is subjected to nitrogen blowing, washed twice with HFIP, and then dipped in HFIP (for 1 hour at
room temperature).

5) After 1 hour, the resultant is subjected to nitrogen blowing and dried in vacuum (for 12 hours or longer at room
temperature).

[VEGF-fixing treatment]
[0076] By the following protocol, VEGF was immobilized to the surface of the TSC-immobilized HNS.
(VEGF fixation protocol)
[0077]
1
2

3
4

After TSC is immobilized, the HNS disk is set in a silicone sheet.

A 1 png/ml VEGF/PBS solution is dripped thereto in an amount of 100 pl (for 3 hours at 4°C).

After 3 hours, the resultant is subjected to nitrogen blowing and washed three times with distilled water.

The resultant is subjected to nitrogen blowing and dried in vacuum (for 12 hours or longer at room temperature).

—_— — ~— ~—

[0078] By the above step, on the HNS disk irradiated with UV for 60 minutes, the TSC-fixing treatment was performed
for 60 minutes at a concentration of 20 mM, and then the VEGF-fixing treatment was performed for 3 hours at 4°C. In
this manner, the bio-hybrid material of Example 1 was prepared.

[0079] For characterization of the immobilized TSC, the contact angle was measured.

[0080] For measuring the contact angle, the material of Test example 1 and the materials of Test examples 2 to 6
described below were also prepared for comparison with Example 1.

[0081] For the material of Test example 1, the HNS disk was irradiated with UV for 60 minutes, and the TSC-fixing
treatment was not performed.

[0082] For the materials of Test examples 2 to 6, the TSC concentration at the time of TSC-fixing treatment was set
to 20 mM or 100 mM. Moreover, the TSC treatment time at the time of TSC-fixing treatment was set to 5 minutes, 15
minutes, or 60 minutes.

[0083] By the above contact angle measurement, the results shown in Table 2 were obtained. As shown in Table 2,
as the TSC-fixing treatment proceeded, the contact angle increased, and the property thereof shifted to a hydrophobic
property. From the result, it was considered that a more amount of TSC was immobilized.

[0084] In addition, by the comparison between Test examples 2 to 6 in Table 2, it became clear that the amount of
TSC on the HNS surface was saturated by the treatment that was performed for 15 minutes at a concentration of a
dripped solution of 20 mM.
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[0085] Moreover, the contact angle of the bio-hybrid material of Example 1 became 60° or greater.

[Table 2]
Statement of HNS surface CA (deg.)
Test example 1 Hydroxide-HNS 4.4 * 0.05
Test example 2 TSC (20 mM, 5 min)-HNS 36.0 = 0.79
Test example 3 TSC (20 mM, 15 min)-HNS 42.2 £ 0.94
Test example 4 TSC (20 mM, 60 min)-HNS 41.3 = 0.81

Test example 5 TSC (100 mM, 15 min)-HNS 41.6 £ 1.98
Test example 6 TSC (100 mM, 60 min)-HNS 43.0 £ 0.97
Example 1 VEGF-TSC (20 mM, 60 min)-HNS | 61.8 = 1.95

(X-ray Photoelectron Spectroscopy (XPS) measurement)

[0086] Next, XPS measurement was performed on Test examples 1 and 3 to 6 of Table 2.

[0087] FIGS. 7 to 11 show the results of the measured XPS spectrum.

[0088] As shown in FIG. 7, signals of C and N were not observed in the disk of Test example 1 having not undergone
the TSC-fixing treatment.

[0089] On the other hand, as shown in FIGS. 8 to 11, signals of both C and N were observed in the disks of Test
examples 3 to 6 having undergone the TSC-fixing treatment.

[0090] The ratio of C:N calculated from the signals of C and N varied with the condition of the TSC-fixing treatment.
[0091] As one of the reasons, it was considered that this is because an NHS group is dissociated due to the increase
in concentration or the elapse of time. N is derived from an active NHS group. Accordingly, it can be mentioned that the
higher the proportion of N is, the more the surface is active. This proved that the treatment performed for 15 minutes at
a concentration of a dripped solution of 20 mM is optimal.

[0092] Moreover, as another reason, it was considered that the variation of the ratio results from the number of arms
used for the binding of TSC to hydroxyl groups. As shown in FIG. 4A, when TSC binds to the disk by one arm, the ratio
of C:N theoretically becomes 7:1. On the other hand, as shown in FIG. 4B, when TSC binds to the disk by two arms,
the ratio of C:N becomes 10:1.

[0093] It was considered thatthe large signal of O observed in the XPS spectrain FIGS. 7 to 11 is derived from hydroxyl
groups that remain without binding to the TSC due to the hindrance of the structure of TSC.

[0094] Next, a bio-hybrid material of Example 2 was prepared in the same manner as in Example 1, except that the
time of TSCfixing treatment was changed to 15 minutes, and the following characterization was conducted.

[0095] Thereafter, ELISA measurement (enzyme immunoassay measurement) was performed on the bio-hybrid ma-
terial of Example 1 so as to determine the quantity of the immobilized VEGF. As a result, it became clear that the amount
of VEGF immobilized is 12.0 + 1.2 ng/cm?2.

[0096] Subsequently, the bio-hybrid material of Example 1 was examined in terms of retention capacity, by visualization
using an enzyme-labeled anti-VEGF antibody that was performed according to the following protocol.

(Protocol)
[0097]

1) The HNS disk to which VEGF has been immobilized is dipped in a medium (solution used for qualitative evaluation
descried later) not containing additional factors, at 37°C for 7 days.

2) After 7 days, the resultant is subjected to nitrogen blowing and washed three times with distilled water.

3) The resultant is dipped in a solution containing a horseradish peroxidase-labeled anti-VEGF antibody (at room
temperature for 2 hours).

4) The resultant is washed three times with a buffer and subjected to nitrogen blowing.

5) A solution containing aqueous hydrogen peroxidase and tetramethyl benzidine is dripped onto the HNS disk (at
room temperature for 2 hours).

[0098] When VEGF has been immobilized to the HNS disk, the horseradish peroxidase-labeled anti-VEGF antibody
binds thereto. On the other hand, tetramethylbenzidine stains the disk when horseradish peroxidase coexists with hy-
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drogen peroxidase.

[0099] It became clear that the bio-hybrid material of Example 1 is immobilized onto the HNS surface for 7 days or
longer without being dissociated, in the medium not containing additional elements.

[0100] Next, a bio-hybrid material of Example 2 was prepared in the same manner as in Example 1, except that the
time of TSCfixing treatment was changed to 15 minutes, and the following qualitative evaluation was conducted.

(Qualitative evaluation)

[0101] A disk as a target is set in a 48-well culture plate. 0.5 ml of a basal medium for vascular endothelial cells (EBM-
2 medium, manufactured by Cambrex Corporation, not containing additional factors: called EBM-2 hereinafter) is used
as a medium, and normal Human Umbilical Vein Endothelial Cells (hereinafter, abbreviated to HUVEC) are seeded to
each well at 2.5 X 104 cells/well. The cell number after 1, 3, and 7 days was counted by a cell number counting device
(Premix WST-1 Cell Proliferation Assay System: called WST-1 hereinafter).

[0102] As targets, the bio-hybrid material of Example 2 and disks of Comparative examples 1 to 3 shown in Table 3
were used. Moreover, as Test example 7, a case where a disk was not set in a culture plate was also measured.

[Table 3]
Disk TSC fixation treatment VEGEF fixation treatment
Example 2 HNS 20 mM TSC/DMSO (RT, 15 min) | 1 ng/ml VEGF/PBS (4°C, 180 min)
Comparative example 1 HNS Not performed Dripping VEGF/PBS at 20 ng/well
Comparative example 2 HNS Not performed -
Comparative example3 | SUS 316 | 20 mM TSC/DMSO (RT, 15 min) | 1 ng/ml VEGF/PBS (4°C, 180 min)
Test example 7 None - -

[0103] From the above measurement, the results shown in FIG. 12 were obtained.
[0104] Itwasfound thatcellnumberincreased further in bio-hybrid material of Example 2 than in Comparative examples
1 to3 and Test example 7.

Industrial Applicability

[0105] The present invention relates to a bio-hybrid material that does not cause elution of nickel ions and has an
excellent endothelialization ability, a production method therefor, and a stent. The present invention is applicable to
biomaterial and medical instrument industries, and the like.

Reference Signs List
[0106]

11: Alloy part free of Ni

11a: One surface

12: Organic acid having two or more active esters
12a: One surface

13: Cytokine

101: Bio-hybrid material

201: Stent

Claims
1. A bio-hybrid material comprising:
an alloy part free of Ni and having a hydrophilic surface obtained by hydrophilic surface treatment of the alloy part;

a residue of an organic acid having two or more active esters; and
a cytokine,
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wherein the residue of the organic acid having two or more active esters is formed by a reaction of a carboxyl
group of the organic acid with a hydroxyl group of the hydrophilic surface of the alloy part free of Ni , and with
the cytokine, such that the cytokine is immobilized via an amide bond.

2. The bio-hybrid material according to Claim 1,
wherein the cytokine is one selected from a group consisting of VEGF, EGF, FGF, HGF, PDGF, and BMP.

3. The bio-hybrid material according to Claim 1 or 2,
wherein the organic acid having two or more active esters is one selected from a group consisting of citric acid,
tartaric acid, malic acid, succinic acid, oxalacetic acid, cis-aconitic acid, 2-ketoglutaric acid, maleic acid, fumaric
acid, and any derivative thereof.

4. The bio-hybrid material according to any one of Claims 1 to 3,
wherein the alloy part free of Ni is an alloy containing two or more elements selected from a group consisting of Fe,
Mo, Co, and Cr.

5. The bio-hybrid material according to Claim 4,
wherein the alloy contains nitrogen in an amount ranging from 0.5 wt% to 1 wt%.

6. A production method of a bio-hybrid material comprising the steps of:

surface-treating, in which hydrophilic surface treatment is performed on an alloy part free of Ni to obtain an alloy
part free of Ni and having a hydrophilic surface;

organic acid-immobilizing, in which an organic acid having two or more active esters is immobilized on the alloy
part free of Ni by forming an ester bond with the hydroxyl group of the hydrophilic surface of the alloy part free
of Ni; and

cytokine-immobilizing, in which a cytokine is immobilized on the organic acid.

7. The production method of a bio-hybrid material according to Claim 6,
wherein the hydrophilic surface treatment is UV irradiation treatment.

8. The production method of a bio-hybrid material according to Claim 6 or 7,
wherein the organic acid is immobilized at a temperature equal to or lower than room temperature.

9. The production method of a bio-hybrid material according to any one of Claims 6 to 8,wherein the cytokine is
immobilized at a temperature equal to or lower than 10°C.

10. A stent comprising the bio-hybrid material according to any one of Claims 1 to 5.

Patentanspriiche
1. Biohybridmaterial, umfassend:

einen Legierungsanteil, frei von Ni und mit einer hydrophilen Oberflache, gewonnen durch hydrophile Oberfla-
chenbehandlung des Legierungsanteils;

einen Rest einer organischen Saure mit zwei oder mehr aktiven Estern; und

ein Cytokin,

wobei der Rest der organischen Saure mit zwei oder mehr aktiven Estern gebildet wird von einer Reaktion einer
Carboxylgruppe der organischen Saure mit einer Hydroxylgruppe der hydrophilen Oberflache des Legierungs-
anteils frei von Ni, und mit dem Cytokin, sodass das Cytokin tber eine Amidbindung immobilisiert wird.

2. Biohybridmaterial nach Anspruch 1,
wobei das Cytokin eines ist, ausgewahlt aus einer Gruppe, bestehend aus VEGF, EGF, FGF, HGF, PDGF und BMP.

3. Biohybridmaterial nach Anspruch 1 oder 2,
wobei die organische Saure mit zwei oder mehr aktiven Estern eine ist, ausgewahlt aus einer Gruppe, bestehend
aus Zitronensaure, Weinsaure, Apfelsdure, Bernsteinsadure, Oxalsaure, Cis-Akonitsaure, 2-Ketoglutarsaure, Male-
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insdure, Fumarsaure und ein beliebiges Derivat davon.

4. Biohybridmaterial nach einem der Anspriiche 1 bis 3,
wobei der Legierungsanteil frei von Ni, eine Legierung ist, die zwei oder mehr Elemente enthalt, ausgewahlt aus
einer Gruppe bestehend aus Fe, Mo, Co und Cr.

5. Biohybridmaterial nach Anspruch 4,
wobei die Legierung Stickstoff in einer Menge reichend von 0,5 Gew.-% bis 1 Gew.-% enthalt.

6. Herstellungsverfahren eines Biohybridmaterials, umfassend die Schritte von:

Oberflachenbehandlung, in welcher hydrophile Oberflachenbehandlung durchgefiihrt wird an einem Legie-
rungsanteil frei von Ni, um einen Legierungsanteil frei von Ni und mit einer hydrophilen Oberflache zu gewinnen;
organische-Saure-Immobilisierung, in der eine organische Sdure mit zwei oder mehr aktiven Estern auf dem
Legierungsanteil frei von Ni, immobilisiert wird durch Bildung einer Esterbindung mit der Hydroxylgruppe der
hydrophilen Oberflache des Legierungsanteils frei von Ni; und

Cytokin-Immobilisierung, in der ein Cytokin auf der organischen Saure immobilisiert wird.

7. Herstellungsverfahren eines Biohybridmaterials nach Anspruch 6, wobei die hydrophile Oberflachenbehandlung
UV-Bestrahlungsbehandlung ist.

8. Herstellungsverfahren eines Biohybridmaterials nach Anspruch 6 oder 7,
wobei die organische Saure bei einer Temperatur gleich oder niedriger als Raumtemperatur immobilisiert wird.

9. Herstellungsverfahren eines Biohybridmaterials nach einem der Anspriiche 6 bis 8, wobei das Cytokin bei einer
Temperatur gleich oder niedriger als 10°C immobilisiert wird.

10. Stent, umfassend das Biohybridmaterial nach einem der Anspriiche 1 bis 5.

Revendications
1. Matériau bio-hybride, comprenant :

une partie alliage exempte de Ni et ayant une surface hydrophile obtenue par traitement superficiel hydrophile
de la partie alliage ;

un résidu d’un acide organique ayant deux ou plus de deux esters actifs ; et

une cytokine,

dans lequel le résidu de I'acide organique ayant deux ou plus de deux esters actifs est formé par une réaction
d’un groupe carboxy de 'acide organique avec un groupe hydroxy de la surface hydrophile de la partie alliage
exempte de Ni, et avec la cytokine, de sorte que la cytokine est immobilisée par I'intermédiaire d’une liaison
amide.

2. Matériau bio-hybride selon la revendication 1,
dans lequel la cytokine est une cytokine choisie dans un ensemble constitué par VEGF, EGF, FGF, HGF, PDGF
et BMP.

3. Matériau bio-hybride selon la revendication 1 ou 2,
dans lequel I'acide organique ayant deux ou plus de deux esters actifs est un acide organique choisi dans un
ensemble constitué par I'acide citrique, I'acide tartrique, I'acide malique, I'acide succinique, I'acide oxaloacétique,
I'acide cis-aconitique, I'acide 2-cétoglutarique, I'acide maléique, I'acide fumarique et un dérivé quelconque d’un tel
acide.

4. Matériau bio-hybride selon I'une quelconque des revendications 1 a 3,
dans lequel la partie alliage exempte de Ni est un alliage contenant deux ou plus de deux éléments choisis dans

un ensemble constitué par Fe, Mo, Co et Cr.

5. Matériau bio-hybride selon la revendication 4,
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dans lequel 'alliage contient de I'azote en une quantité valant de 0,5 % en poids a 1 % en poids.
6. Procédé de production d’'un matériau bio-hybride, comprenant les étapes consistant a :

effectuer un traitement superficiel, dans lequel on effectue un traitement superficiel hydrophile sur une partie
alliage exempte de Ni, pour obtenir une partie alliage exempte de Ni et ayant une surface hydrophile ;
immobiliser un acide organique, dans lequel on immobilise un acide organique ayant deux ou plus de deux
esters actifs sur la partie alliage exempte de Ni en formant une liaison ester avec le groupe hydroxy de la surface
hydrophile de la partie alliage exempte de Ni ; et

immobiliser une cytokine, dans lequel on immobilise une cytokine sur I'aide organique.

7. Procédé de production d’'un matériau bio-hybride selon la revendication 6,
dans lequel le traitement superficiel hydrophile est un traitement par irradiation UV.

8. Procédé de production d’'un matériau bio-hybride selon la revendication 6 ou 7,
dans lequel on immobilise I'acide organique a une température égale ou inférieure a la température ambiante.

9. Procédé de production d’'un matériau bio-hybride selon I'une quelconque des revendications 6 a 8, dans lequel on
immobilise la cytokine a une température égale ou inférieure a 10 °C.

10. Stent, comprenant le matériau bio-hybride selon I'une quelconque des revendications 1 a 5.

13
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